Here, we show that Shh-Cre-mediated deletion of Wntless, the Wnt cargo protein, in mouse posterior limb mesenchyme causes bone syndactyly of the 3rd and 4th digits, resembling the human Malik-Percin type. The Shh descendants gradiently distributed from digit 5 to posterior half of digit 3 in wild-type limbs, however, they abnormally increased in posterior digit 3 in Wntless Shh-Cre .
Wntless
Shh-Cre limbs displayed altered expression of hedgehog pathway genes and impaired noncanonical Wnt signaling activity. We further showed that the anterior limb mesenchymal cells in the Wls Shh-Cre served as a source of Wnt5a to reorientate the adjacent Wls-lacking Shh lineage cells to move anteriorly and subsequently led to syndactyly, suggesting that aberrant mesenchymal cell movement/condensation may underlie the pathogenesis of syndactyly.
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Mammalian limb development is initiated by arising from the lateral body wall of a small bud, which is comprised of proliferating lateral plate mesoderm cells covered by an ectodermal jacket. The limb bud grows along three orthogonal axes: proximal-distal (P-D), from the shoulder to the fingertip, antero-posterior (A-P), from the thumb to the little finger, and dorsal-ventral (D-V), from the dorsal part of the limb to the palm, regulated by three signaling centers, the apical ectodermal ridge (AER), the zone of polarizing activity (ZPA), and the non-AER limb ectoderm [1] . The AER produces FGF molecules for the continued outgrowth of the limb bud. The ZPA is a small group of mesenchyme cells at the posterior margin of the vertebrate limb bud. The ZPA provides Shh, a morphogen which diffuses into adjacent limb tissue to give a concentration gradient [2] . It is well established that Shh is pivotal in controlling digit number and pattern, and cell survival and proliferation of specified digit progenitor cells [3, 4] . The non-AER limb ectoderm determines the D-V patterning in the limb bud by specifically expressing Wnt7a in the dorsal limb ectoderm and En-1 in the ventral ectoderm. The three signaling centers are intimately linked by the respective signals to coordinate Abbreviations Wls, Wntless.
limb outgrowth and patterning [5] [6] [7] [8] [9] . After limb initiation and AER induction, the mesenchymal cells condense and differentiate to form the primordia of individual skeletal elements. Concomitantly, some cells located around or between the primordia of the skeletal elements are eliminated by cell death mediated by apoptosis and lysosomes, and the interdigital extracellular matrix is degraded to shape the limb [10, 11] . Syndactyly, webbing of adjacent digits, is a common hereditary limb malformation depicting an incidence of approximate 0.03%-0.1% at birth [12] . Syndactyly can be identified as partial or complete, cutaneous or bony, involving phalanges, metacarpal/metatarsal, or carpal/tarsal levels, even approximating the distal end of forearm/foreleg [12, 13] . It may occur as an isolated entity associated with other limb anomalies such as synostosis, polydactyly, clindodactyly, and cleft hand [12] [13] [14] [15] [16] . Up to date, at least nine types of nonsyndromic syndactyly with additional subtypes and more than 300 hereditary syndromic malformations involving syndactyly have been reported [12] . Moreover, syndactyly is a feature of several human syndromes including Poland, Apert, and Holt-Oram syndromes [12] [13] [14] [15] [16] . Previous studies suggest that the soft-tissue syndactyly can be attributed to reduced or absent interdigital cell death or a failure of interdigital extracellular matrix degradation during limb morphogenesis [10, [17] [18] [19] . However, the pathological basis of bony type syndactyly is more complicated and the underlying molecular basis remains largely unknown.
Analysis of human nonsyndromic syndactyly types suggests that syndactyly mostly occurs between posterior digit 3 or 4 and other digits [12] . Descendants of Shhexpressing cells encompass the two most posterior digits and also contribute to the posterior portion of digit 3 [3] , thus Shh-Cre mouse could be a great tool to knockout gene expression in the posterior limb mesenchyme to study the pathology of syndactyly. Wntless (Wls), the main regulator for Wnt trafficking, is required for the morphogenesis and development of various organs [20] [21] [22] [23] [24] . We report here that Shh Cre -mediated deletion of Wls in mouse causes limb malformations including syndactyly and brachydactyly, and additional polydactyly in hind limbs. The syndactyly of Wls Shh-Cre mice manifested a phenotype of synostosis of the 3rd and 4th metacarpals with single phalange, resembling the syndactyly Type IX, a rare type of syndactyly named Malik-Percin type in human [25, 26] . Using the Wls Shh-Cre mouse model, we deciphered the etiology that may underlie the Malik-Percin-type syndactyly. We found that the graded mesenchymal Wls and Wnt expression along the proximal-distal axis of the developing limb maintained a Wnt gradient which guided the oriented cell movements/proliferation toward the distal ectoderm for digit patterning, and that partial disruption of the Wnt signaling could cause aberrant cell movement and lead to syndactyly. Our study thus reveals a key role of graded mesenchymal Wnt production in digit patterning, and provides novel insight into the etiology of the syndactyly with synostosis.
Materials and methods

Animals
All animal experiments were carried out in strict accordance with the Guide for the Care and Use of Laboratory Animals at Hangzhou Normal University, and were approved by the Animal Users Committee of Hangzhou Normal University. Mice were maintained in a specific pathogen-free (SPF) animal facility in Hangzhou Normal University and received access to water and chow ad libidum as previously reported [27] . No more than five mice were kept in a small cage to give enough space. The mice were sacrificed by cervical dislocation for sample collection. All efforts were made to minimize the number of mice used. There was no in vivo experiment in our study. Wls conditional mice were generated by flanking exon 3 of the Wls gene with the LoxP sequences as described before [22] ;Shh-Cre littermates were used as controls in this study.
Whole-mount in situ hybridization, X-gal staining, and Alcian blue and Alizarin Red staining Whole-mount in situ hybridization was performed with Digoxigenin-labeled RNA antisense probes [21] . X-gal staining for Shh-Cre activity was performed as previously described [28] . For Alcian blue and Alizarin Red staining, embryos were skinned, fixed with 95% ethanol, and processed [29] .
Cell proliferation and apoptosis assays
For cell proliferation assay, paraffin sections were stained with antibody against phospho-Histone H3 (Alexa Fluor Ò 647 Conjugate, 1 : 400) (3458S, Cell Signaling Technology, Danvers, MA, USA). Cell apoptosis was detected with TUNEL BrightGreen Apoptosis Detection Kit (Vazyme) according to manufacturer's instruction. For quantitation of proliferation, PHH3-positive cells within a defined area were counted from ≥ 9 consecutive fields from three samples for both control and mutant limbs. Cell apoptosis was counted in a similar way as described above. Student's ttest was used to determine statistical significance. A P-value < 0.05 was considered statistically significant. Data are represented as scatter plot with the average and the standard deviation (SD).
Western blot
For immunoblot analysis, cell protein lysates were prepared from Shh lineage domain of dissected embryonic limb buds. Protein lysates were resolved by SDS/PAGE and subjected to immunoblotting analyses with anti-phspho-Ror2 (1 : 1000) (4ab046798, 4A Biotech Co., Ltd, Beijing, China), phosphor-JNK (1 : 1000) (9255, Cell Signaling Technology), Wls (1 : 1000) [23] , and Actin (1 : 1000) (4ab000001, 4A Biotech Co., Ltd) antibodies and the according HRP-linked secondary antibodies as described previously [30] . The intensity of immunoblot bands were evaluated with Image J software. Relative abundances were represented as levels of a protein to those of Actin. Student's t-test was used to determine statistical significance.
Organ culture, DiI cell labeling, and bead implantation Embryonic limb buds from timed pregnant mice were microdissected, placed on a Nucleopore Track-Etch Membrane in a Trowell-type organ culture dish, and cultured as previously described [21] . To investigate the effect of Wnt5a on limb bud mesenchymal cell migration, explanted E11 limb buds were implanted with Affi-Gel blue agarose beads carrying Wnt5a protein (R&D) and the lipophilic dye DiI (1,1-dioctadecyl-3,3,39,39-tetramethyl-indocarbocyanine perchlorate; Molecular Probes, Eugene, OR, USA), harvested after 1 day in culture and processed for microscopy fluorescence analysis. To examine the effect of Wnt5a on Shh lineage migration, explanted limb buds (Shh-Cre;R26R-LacZ) at E11 were implanted with Affi-Gel blue agarose beads carrying Wnt5a protein (R&D), harvested after 1 day in culture and processed for X-gal staining. Three or four embryos were used for each group in experiments.
Results
Disruption of posterior mesenchymal Wnt production leads to limb malformations
To investigate the role of Wnt production in limb development, we deleted Wls, the main regulator for Wnt protein trafficking, in the developing limb bud using Shh-Cre mouse. Wls was mainly expressed in the distal limb bud with a progressive proximal to distal gradient at E10.25-E11.5, overlapping that of Wnt5a, the main mesenchymal Wnt (Fig. 1A) . As shown by X-gal staining of R26R reporter mice for Shh-Cre, Cre activity occurred only in ZPA of the limb bud at E10.0 and E10.5 (Fig. 1B) . As development proceeded, the ZPA descendants contributed to digits 5, 4, and the posterior portion of digit 3 (Fig. 1B) . Gross morphological examination showed severe limb malformations in both forelimbs and hind limbs in Wls Shh-Cre mice (Fig. 1C) . Analysis of skeletal preparations further revealed the presence of syndactyly, brachydactyly, and additional polydactyly in the hind limbs, and a lack of posterior mesenchymal Wls (Fig. 1D) . Specifically, the syndactyly of Wls Shh-Cre mice manifested a phenotype of synostosis of the 3rd and 4th metacarpals and associated single phalanges (Fig. 1D) , resembling the syndactyly Type IX, a rare type of syndactyly named Malik-Percin type in human.
Expression of limb bud signaling molecules in response to posterior Wls deletion
To identify the genes involved in the malformation of Wls Shh-Cre limbs, we analyzed the expression of molecules critical for the determination of limb bud patterning before the appearance of any morphological defects. Our results showed that Wls expression was decreased and slightly decreased in the ZPA of Wls ShhCre forelimbs and hind limbs at E10.5 ( Fig. 2A) , suggesting that the disruption of mesenchymal Wnt secretion occurred at as early as E10.5 in Wls mutants. The milder decreased expression of Wls in the hind limbs may be due to the very low expression of ShhCre before E10.5. Analysis of Wnt5a expression showed that Wnt5a expression was unaltered in Wls Shh-Cre limb buds at E11.5 ( Fig. 2B) , supporting that Wls is involved in regulating Wnt ligand secretion but not in regulating Wnt gene expression [20] [21] [22] [23] [24] . We found that the expression of Shh was slightly decreased in E10.5 Wls Shh-Cre limb buds (Fig. 2C) . Accordingly, a decrease in expression of Patched1, which is responsive to the Shh signal, is detected in Wls Shh-Cre limbs (Fig. 2D) . It has been known that Shh induces the expression of Gremlin1 which, in turn, activates Fgf expression in the AER by counteracting BMP activity. Therefore, it is not surprising to find that Gremlin1 expression was downregulated in Wls mutant limbs (Fig. 2E) . In contrast, Bmp4 expression was not altered in Wls Shh-Cre limbs at E10.5 (Fig. 2F) . These results suggest that Wnt production mediated by Wls in Shh-expressing cell lineage is involved in regulating Shh signaling activity during limb development. To examine whether the AER integrity was disrupted due to posterior Wls deficiency, we examined the expression of Fgf8, the AER marker. Fgf8 expression in Wls mutant limb buds was as in control animals at E10.5 ( Fig. 2G) , suggesting that AER integrity was not affected in response to Wls inactivation in ZPA. The posterior nested expression of 5'Hoxd transcription factors plays critical roles in limb patterning. Among these Hoxd genes, Hoxd13 acts as a master regulator of autopod skeletal morphogenesis, polyalanine expansion of which induces synpolydactyly in both human and mouse [31] . Our in situ hybridization results showed that the expression domain of Hoxd13 in limb bud mesenchyme was visibly reduced in Wls Shh-Cre (Fig. 2H) . Together, these results suggest a regulatory role for Wls in regulating gene expression in the patterning of the developing limb bud.
Loss of Wls in Shh lineage interferes with cell proliferation and death in posterior limb bud mesenchyme
To reveal the cellular mechanism underlying the defective limb bud development in Wls Shh-Cre mice, we performed PHH3 and TUNEL staining on sections of embryonic forelimb buds, respectively. PHH3 staining showed a significant decrease in cell proliferation in the posterior limb mesenchyme deficient of Wls at E11.5 and E11.75 (Fig. 3A,B) . Compared with the control, a dramatic increase in cell apoptosis was observed within the Wls deletion domain in E11.5 and E11.75 limb buds (Fig. 3C,D) . The 5th digit in both forelimbs and hind limbs and the extra digit 6 in hind limbs of Wls Shh-Cre mice were hypoplastic (Fig. 1C,D) . Thus, these results suggest that the formation of brachydactyly in posterior Wls mutant embryos is probably due to a combination of reduced proliferation and increased cell death in the Shh-expressing cell lineage lack of Wls. These data also reveal an essential role of cell autonomous Wnt signaling in the regulation of limb cell proliferation and cell death.
Aberrant chondrocyte formation in posterior Wls Shh-Cre limbs
To reveal the developmental mechanism underlying the syndactyly in Wls Shh-Cre mice, we investigated the bone development in embryonic limbs. Alcian blue and Alizarin Red staining showed condensed mesenchymal cells in separate digit rays at 12.5 in control limbs, which continue to differentiate into chondrocytes at later stages (Fig. 4A) . In contrast, Wls Shh-Cre limb buds showed aberrant chondrogenic mesenchymal condensations in Wls deletion domain, in which the digit 4 prechondrogenic cells condensed toward digit 3 at E12.5 and subsequently fused with digit 3 at later stages (Black arrows, Fig. 4A ). In addition, the extra digit 6 of Wls Shh-Cre hind limbs was observed at E14.5 as a protrusion formed between digit 4 and 5, and the cartilages for the extra digit were detected at E16.5 (White arrows, Fig. 4A) .
Analysis of Sox9 expression also reveals an aberrant cartilage formation in Wls Shh-Cre at early embryonic stages (Fig. 4B) . Sox9 is expressed in all chondroprogenitors and all differentiated chondrocytes and is essential for chondrocyte differentiation and cartilage formation [32] . Whole-mount in situ hybridization results showed that Sox9 was expressed in digit condensations at E11.5-E12.5 (Fig. 4B) . Expression of Sox9 in digit 5 was decreased in E11.5 forelimbs, and in both forelimbs and hind limbs at later stages in Wls Shh-Cre limbs (Fig. 4B) , which may contribute to the brachydactyly in Wls Shh-Cre mice. Notably, chondrogenic mesenchymal cells expressing Sox9 for digit 4 formed in a direction toward digit 3, but not toward the proximal ectoderm as the control at E12.25 (Arrow, Fig. 4B ).
Taken together, both Alcian blue staining and Sox9 expression pattern showed that the fusion of digits in Wls Shh-Cre limb was formed at an early stage of limb development. These results also support an essential role of posterior mesenchymal Wnt production in sustaining and orchestrating Sox9-positive cartilage precursors cell autonomously.
Deletion of Wls in the Shh-expressing domain leads to disturbed gradient of Shh lineage
Our results suggest that the aberrant formation of cartilage elements at early limb development stages may account for the syndactyly in Wls Shh-Cre mice (Fig. 4) and also raise the question of how the aberrant prechondrogenic cell condensation is formed in mutant limbs need to be investigated. To address this issue, we analyzed the fate of Shhexpressing lineage in Shh-Cre;R26R-lacZ and Wls Shh-Cre ;R26R-lacZ limbs. It has been demonstrated that Shh-positive cells directly contribute to all the cells of digits 4 and 5, and a subset of the cells in digit 3 of the mouse limb [3] . At E14.5, Xgal staining showed that the Shh-expressing lineage spanned from digit 5 to posterior half of digit 3 in both control and Wls Shh-Cre ;R26R-lacZ limbs (Fig. 5) . In control limbs, the Shh lineage exhibited a gradient in which the X-gal staining in digit 3 was much weaker than digits 4 and 5 as previously reported [3] . In contrast, the Shh lineage gradient was disrupted in Wls Shh-Cre ;R26R-lacZ limbs, as the intensity of X-gal staining was the same in all posterior digits (Fig. 5) . X-gal staining showed that more Shh lineage cells were present in the anterior portion of the lineage domain in Wls Shh-Cre limbs than in controls (Fig. 5) . Given that cell proliferation is decreased in the posterior limb (Fig. 3) , this increase of Shh lineage descendants in the anterior portion of the lineage domain cannot be attributed to increased cell proliferation. Thus, these results may indicate an abnormal migration of descendants of Shh-producing cells toward the anterior digits in Wls Shh-Cre limbs. These data also reveal a regulatory role of cell autonomous Wnt signaling in sustaining Shh-producing cell lineage.
Disruption of directional cell migration in Wls
ShhCre mice contributes to complete syndactyly Mesenchymal cells of the limb bud exhibit oriented cell movements and cell division, as they move toward the ectodermal layer and divide preferentially along the P-D axis [33] . This process that ensures the elongation of the limb bud along its P-D axis is regulated by Wnt5a-mediated planar cell polarity (PCP) pathway [33] . Wls is the critical mediator for Wnt trafficking, thus cells lacking Wls could have impaired PCP activity due to the inhibition of Wnt5a secretion. Given that both Wnt5a-producing and Wnt5a-deficient cells are present in Wls Shh-Cre limbs, it is reasonable to hypothesize that Wls-deficient mesenchymal cells lacking Wnt5a could be attracted by Wnt5a and move toward their Wnt5a-producing anterior neighbors, as exhibited by the aberrant organization of chondroprogenitors cells (Fig. 4B ) and the disturbed Shh lineage gradient (Fig. 5) .
To test the above hypothesis, we performed western blot analysis to examine whether PCP pathway was inhibited in Shh lineage of Wls Shh-Cre limbs. The activation of PCP pathway by Wnt5a is associated with phosphorylation of Ror2, the Wnt5a receptor, and JNK, the downstream effector. We found that both phosphorylation of Ror2 and JNK were significantly decreased associated with Wls downregulation in Wls deletion region (Fig. 6A) , suggesting that the PCP pathway was inhibited due to Wls deficiency. We next asked whether the oriented cell migration could be altered by Wnt5a in mouse limb explants. Our organ culture results showed that mesenchymal cells labeled by DiI moved toward the Wnt5a-soaked beads, suggesting that Wnt5a acts as a chemoattractant for limb bud mesenchymal cells (Fig. 6B) . Next, we implanted Wnt5a-soaked beads at the anterior limb region next to ZPA in Shh-Cre;R26R-lacZ limbs to examine whether Shh-expressing cells could be attracted by Wnt5a. The results showed that Shh-expressing cell descendants migrated toward Wnt5a bead, and the gradient of Shh lineage can be disrupted in a similar way to that of Wls Shh-Cre limbs (Fig. 6C) . Taken together, these results suggest that the redirection and aberrant movement of Wls-deficient cells toward the Wnt5a-producing anterior cells contributes to syndactyly in Wls Shh-Cre limbs (Fig. 6D ).
Discussion
In this report, we address the question of how the graded Wnt production in the Shh-producing cell lineage is involved in the pathology of complex syndactyly during limb morphogenesis. By using ShhCre-mediated deletion of Wls in the developing mouse limb, we established a mouse model for syndactyly with bony synostosis. Based on our results, we find that graded Wnt production in Shh lineage contributes to digit patterning by sustaining mesenchymal cartilage precursors. Our findings suggest that the aberrant mesenchymal cell migration, but not the loss of interdigital cell death, is the main cause for synostosis syndactyly (Fig. 6D) , thus providing new sights into the etiology of syndactyly. Wls is required for various organ development, and defects in Wls conditional knockout mutants often resemble those of Wnt knockout in the target tissue [22] [23] [24] . To establish a role for Wls in limb abnormalities, we use Shh-Cre to delete Wls function in Shh-producing cell lineage. Webbing of digit skeletal elements was observed in Wls Shh-Cre mice at about E12.5. Thus, the dysfunction of Wnt ligands expressed before this stage should be account for the limb defects in Wls ShhCre mice. Analysis of Wnt expression in the developing mouse limb by in situ hybridization suggests that Wnt5a, Wnt5b, and Wnt11 are expressed in the mesenchyme of developing limb buds before E12.5 [34] . In human, mutations in WNT5A and its receptor ROR2 have been identified in two congenital skeletal disorders: Robinow syndrome and Brachydactyly type B [35] [36] [37] [38] . These skeletal defects are recapitulated in Wnt5a and Ror2 knockout mice, as exhibited by truncation of the proximal limb skeleton [39] . Despite Wnt5a, Wnt5b, and Wnt11 being expressed in early limb bud mesenchyme and signaling through PCP pathway, only Wnt5a knockout mice exhibit limb deformities [40] . The classical view for the pathology of syndactyly is that a failure in interdigital cell death leads to syndactyly. During mouse limb development, the interdigital cells are eliminated by cell death between E12.5 and E13.5, leading to the separation of individual digits [11, 44] . However, in Wls Shh-Cre mutants, the webbing of digit cartilage condensations is observed at E12.5 before interdigital cell death takes place. Thus, a failure in interdigital cell death does not account for the case of the syndactyly in Wls Shh-Cre . The digits originate from cartilage condensations that give rise to digital rays which are separated by interdigital tissue. To form syndactyly, the adjacent digit condensations have to meet before they fuse with each other. In this study, we asked when and how the skeletal elements of the adjacent digits meet to form syndactyly. Our findings show that deletion of Wls in Shh cell lineage causes disruption of Wnt5a-mediated PCP pathway and the subsequent aberrant mesenchymal cell migration which finally leads to complex syndactyly, thus providing a novel insight into the etiology of syndactyly. Hoxd13, the master regulator of autopod skeletal morphogenesis, is the causative gene for Type I-c and Type II-a syndactyly. The Hoxd13 spdh/spdh mouse limbs exhibit webbed digit bones associated with defective polarization and orientation in chondrocytes [45] . Wnt5a is found to be downregulated in Hoxd13 spdh/spdh limbs, and implantation of cells expressing WNT5A led to partial rescue of cell polarity in the perichondral region in Hoxd13 spdh/spdh limb explants [45] . In support of our findings, this report also reveals an essential role of Wnt5a-mediated PCP pathway in regulating chondrocyte cell polarity and underlies the pathology of syndactyly.
Compared with Wnt5a À/À mice or Wls Prx1-Cre mice [39, 41] , only Wls Shh-Cre mice exhibit syndactyly defects. This may be because in Wls Shh-Cre limbs the anterior mesenchymal cells act as a source of Wnt5a which reorients the adjacent posterior Wls loss-of-function cells and leads to webbing of fingers, while such a source of Wnt5a does not exist in Wnt5a À/À and Wls Prx1-Cre limbs [41] . Wnt5a has been demonstrated to regulate oriented cell division and cell movement in developing embryos. In chick limb explants, mesenchymal cells move toward implanted Wnt5a-expressing cells [33] . During palate development, loss of graded Wnt5a expression leads to aberrant palatal cell migration and contributes to cleft palate [46] . These studies are in agreement with our present findings and support our hypothesis for the etiology of syndactyly in Wls Shh-Cre . The Wls Shh-Cre limbs exhibit osseous synostosis of third and fourth metacarpals culminating into a single digit, characterized by the human Malik-Percin type. The Malik-Percin type also displays other complex irregular abnormalities such as clinodactyly and hypoplastic phalanges [25, 26] . Notably, the limb deformity of Wls Shh-Cre mice do not resembles all the features of the human Malik-Percin type. The Malik-Percin type has been mapped to chromosome 17p13.3, however, the causative gene for this type has been uncovered. Our investigation of the syndactyly in Wls Shh-Cre mice explained how and when the fusion of metacarpals and the associated single phalanges of the 3rd and 4th digits could occur, thus providing useful information for further understanding this rare type of syndactyly. These results also provide a common mechanism for the formation of complex syndactyly.
